Objective: Nonalcoholic steatohepatitis (NASH) is an unmet need associated with metabolic syndrome. There are no approved therapies for NASH; however, glucagon-like peptide-1 receptor (GLP-1R) and farnesoid-X receptor (FXR) agonists are promising drug targets. We investigated the therapeutic effects of co-administration of a GLP-1R agonist, IP118, with FXR agonist obeticholic acid (OCA) in mice. Methods: OCA and IP118 alone and in combination were sub-chronically administered to Lep ob /Lep ob mice with diet-induced NASH or dietinduced obese (DIO) mice. Metabolic (body weight and glucose) and liver (biochemical and histological) endpoints were assessed. NASH severity in Lep ob /Lep ob mice was graded using a customized integrated scoring system. Results: OCA reduced liver weight and lipid in NASH mice (both by À17%) but had no effect on plasma ALT or AST levels. In contrast, IP118 significantly reduced liver weight (À21%), liver lipid (À15%), ALT (À29%), and AST (À27%). The combination of OCA þ IP118 further reduced liver weight (À29%), liver lipid (À22%), ALT (À39%), and AST (À36%). Combination therapy was superior to monotherapies in reducing hepatic steatosis, inflammation, and fibrosis. Hepatic improvements with IP118 and OCA þ IP118 were associated with reduced body weight (À4.3% and À3.5% respectively) and improved glycemic control in OCA þ IP118-treated mice. In DIO mice, OCA þ IP118 co-administration reduced body weight (À25.3%) to a greater degree than IP118 alone (À12.5%) and further improved glucose tolerance and reduced hepatic lipid. Conclusion: Our data suggest a complementary or synergistic therapeutic effect of GLP-1R and FXR agonism in mouse models of metabolic disease and NASH.
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) encompasses a spectrum of conditions ranging from simple steatosis to NASH, fibrosis, cirrhosis, and hepatocellular carcinoma, along with substantial liver and whole body metabolic derangements [1, 2] . Currently in the United States, an estimated 30% of the adult population has NAFLD and 3%e5% has NASH [3] , which, in turn, is predicted to become the main cause of liver transplantation by 2020 [4] . A growing body of evidence portrays NASH as the hepatic manifestation of the metabolic syndrome since the majority of NASH/NAFLD patients suffer from obesity, diabetes, and insulin resistance [5, 6] . While dysregulated hepatic lipid and insulinmediated metabolic pathways appear to be major pathophysiological contributors to NASH, the precise mechanisms underlying the development of NAFLD and its progression to NASH have not been fully elucidated, which has affected the development of effective therapeutics [5, 6] . The current standard of care for NAFLD/NASH is limited to ameliorating components of the metabolic syndrome, primarily through weight loss and/or improving insulin sensitivity with lifestyle interventions or surgery [7, 8] . Unfortunately, the long-term effectiveness of these interventions is questionable as most patients are unable to initiate or maintain dietary and lifestyle changes, and surgeries may be unfeasable due to financial or health limitations. Therefore, developing new pharmacological therapies is vital to combating the complex nature of NASH. Considering that insulin resistance is a key factor in the pathogenesis of NASH, several studies have shown promising data using insulin sensitizers. In one major clinical trial (PIVENS Trial), enhancing insulin sensitivity using pioglitazone or vitamin E resulted in significant improvements in NASH pathology including resolution of steatosis, hepatocyte ballooning, and inflammation. Interestingly, these treatments led to a marginal improvement in fibrosis score sufficient to impede, but not reverse, further development in fibrosis [9] . Thus, correcting insulin resistance or obesity is necessary but not sufficient for effectively treating NASH in the majority of patients [10] , suggesting the need for broader hepatoprotective actions that also target fibrogenic pathways. The strong association between obesity, type 2 diabetes, and NASH provides a logical justification for therapies such as the gut-derived incretin hormone GLP-1, that induces weight loss and enhances insulin sensitivity. GLP-1 receptor (GLP-1R) agonists currently approved for the treatment of type 2 diabetes and obesity enhance glycemic control, delay gastric emptying, decrease postprandial glucagon secretion, and reduce food intake/body weight [11] . Studies in rodents have shown that GLP-1R agonism exerts beneficial effects on body weight, liver mass, liver lipid, plasma ALT, and plasma triglycerides [12e14] . In clinical studies, exenatide therapy lowered plasma ALT levels in patients with type 2 diabetes [15] . Furthermore, intriguing results from the LEAN clinical study with GLP-1R agonist liraglutide demonstrated statistically significant decreases in plasma liver enzymes, histological resolution of steatohepatitis, slowing of fibrosis progression along with metabolic, and diabetic improvements following 44e48 weeks of treatment in patients with biopsy-proven NASH [16] . Together, these data strongly suggest a potential beneficial effect of GLP-1R agonism on NASH. Another promising treatment approach involves FXR, classically described as the master regulator of bile acid (BA) metabolism [17] . Expression of FXR is mainly confined to liver, intestine, kidney, and, to a lesser extent, adipose tissue, thus allowing FXR to control key metabolic programs [17, 18] . Lipophilic BAs serve as FXR natural ligands and, upon binding to FXR, activate a variety of target genes regulating not only BA synthesis but also lipid and glucose homeostasis as well as genes affecting the regulation of immune responses [17e 21]. Pre-clinical studies in mouse models showed enhanced insulin sensitization and reduced liver steatosis, inflammation, and fibrosis following FXR activation by synthetic agonists [22e24] . FXR controls glucose metabolism through the regulation of gluconeogenesis and glycogenolysis in the liver and peripheral insulin sensitivity in skeletal muscle and adipose tissue. Promising data were recently published from the FLINT clinical trial where subjects with biopsy-confirmed NASH were treated for 72 weeks with the bile acid obeticholic acid (OCA, or 6-ethylchenodeoxycholic acid), a potent and highly selective FXR agonist synthesized from the natural bile acid chenodeoxycholic acid [9, 20] . OCA demonstrated superiority to placebo in improving several pathological aspects of NASH including steatosis, fibrosis, and inflammation, along with reducing liver enzymes [9] . However, OCAtreated patients showed an unexpected elevation in serum cholesterol and worsening of pruritus [9] . While GLP-1 and FXR agonists are being pursued in clinical trials, no single agent is yet approved for the treatment of NASH. Therefore, we investigated whether combining long-acting GLP-1R agonist IP118 (a GLP-1R-IgG-Fc-fusion peptide, see Supplementary Materials) with the FXR agonist OCA is more effective than using either compounds separately in slowing or reversing NASH-associated defects including hepatic steatosis and fibrosis. In Lep ob /Lep ob mice with diet-induced NASH [14] , OCA monotherapy reduced plasma and hepatic lipids, whereas treatment with IP118 alone reduced body weight and improved NASH-associated biochemical indices, hepatic steatosis, and overall NASH score. Interestingly, superior effects were observed with combined administration of IP118 þ OCA as this treatment led to improved glycemic control, reduced body weight, liver size, and lipid and liver enzyme levels. Pathologically, combination therapy not only reduced hepatic steatosis and inflammation but also resulted in a marked reduction in fibrosis and overall NASH score. In diet-induced obese mice (DIO), OCA alone had no effect on body weight or body composition, whereas IP118 elicited the expected reduction in body weight. Intriguingly, co-administration of OCA þ IP118 dramatically reduced body weight beyond IP118 alone. Statistically significant reductions in liver lipid were also observed with IP118 þ OCA combination treatment but not either treatment alone. Overall, our data represent a significant first step in combining two promising therapeutic agents to successfully reverse NASH-associated steatosis and fibrosis in a mouse model.
MATERIAL AND METHODS

Experimental animals and diets
Animal studies were conducted at MedImmune (Gaithersburg, USA) according to protocols reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at MedImmune and in compliance with the applicable national laws and regulations concerning use of laboratory animals and the AstraZeneca Animal Welfare and Bioethics policy. Male C57BL6 (B6) or Lep ob /Lep ob mice obtained from Jackson Labs (Bar Harbor, ME) and diet-induced obese (DIO) C57BL6J mice obtained from Charles River Laboratories (Frederick, MD) were housed in standard caging at 22 C in a 12-h light: 12-h dark cycle at standard temperature and humidity conditions with ad libitum access to water and food (except where noted otherwise, e.g. during fasting prior to glucose tolerance tests). Test diets were sourced from Research Diets (New Brunswick, NJ). Lep ob /Lep ob mice (aged w8 weeks) were fed the AMLN diet which is comprised of high fat (40% kcal), high fructose (22% by wt), and high cholesterol (2% by wt), in which the source of fat was trans-fat (Primex partially hydrogenated vegetable oil shortening, Research Diets, D09100301) or a purified low-fat control diet (LFD; 10% kcal/fat) with no fructose or cholesterol (Research Diets, D09100304). Age-matched B6 mice were included as reference mice for terminal biochemical measures and pathology assessment. DIO mice were obtained aged w20 weeks, after 16 weeks on purified high fat diet (D12492), which they were maintained on throughout the study, or on high fat diet containing OCA (described below).
Pharmacology studies
To characterize the development of NASH, we maintained Lep ob /Lep ob or B6 mice on either a LFD or AMLN diet for 8 weeks and body weight was measured every 2 weeks. At the end of this feeding period body weights and blood samples were collected from non-fasted animals, and main metabolic parameters were assessed (blood glucose, plasma ALT, insulin). Mice were then randomized to appropriate drug treatment groups based on the above parameters (n ¼ 8e10 mice/group). GLP-1R agonist IP118 was dosed at 1 mg/kg subcutaneously, twiceweekly, while vehicle controls received sterile PBS. OCA (Selleckchem, Houston, TX) was dosed via dietary admixture at a concentration of 0.05% (w30 mg/kg/d). Mice were treated for 4 weeks and maintained on the test diets throughout the duration of the study. DIO mice were acclimated and randomized to study groups (n ¼ 9/ group) by body weight and baseline 6 h fasted blood glucose values (Ascensia Breeze 2, Bayer Healthcare LLC, Mishawaka, IN). Mice received either standard high fat diet (D12492) or the same diet supplemented with 0.05% OCA (OCA sourced from Selleckchem, Houston, TX; diet manufactured by Research Diets, D17051405). Vehicle (PBS) or IP118 was administered subcutaneously twice per week (0.3 mg/kg in 5 mL/kg). Body weight was measured twice weekly, and body composition was assessed via NMR (Bruker MiniSpec LF90II, Bruker BioSpin Corporation, Billerica, MA) at baseline and just prior to necropsy. On day 17, a glucose tolerance test was performed (w16 h following dose of IP118). Glucose (1.5 g/kg) was administered after a 6 h fast, and blood glucose measured using a handheld glucometer at 0, 15, 30, 60, 120, and 180 min. On day 21, mice were fasted for 6 h then euthanized via CO 2 inhalation, and cardiac blood was collected for terminal plasma analyses.
Measurement of glucose, ALT, AST, plasma and liver lipids
Terminal blood was collected into tubes containing EDTA anticoagulant, centrifuged at 2000 Â g for 10 min at ambient temperature, and plasma was immediately frozen prior to measurement of alanine aminotransferase (ALT) and aspartate transaminase (AST), total cholesterol, and triglycerides levels using a biochemistry analyzer (Cobas c-111, Roche Diagnostics USA, Indianapolis, IN). Insulin was measured using a commercial ELISA (MesoScale Diagnostics, Rockville, MD). Total lipids were assessed in frozen liver samples using a Bruker LF-90 minispec system (Bruker BioSpin Corporation, Billerica, MA).
Histological assessment and quantitative analysis of liver tissue
Tissues were collected in 10% neutral buffered formalin. After 24e 48 h, the liver was trimmed to approximately 4 mm and placed into tissue cassettes, processed, and then embedded in molten paraffin (60 C). Liver paraffin blocks were sectioned at 4 mm, floated on a water bath at 44 C for 120 s, collected on a positively charged slide, dried in an oven at 75 C for 45 min, and stained with hematoxylin (50% Gills I and 50% Gills II) and eosin according to standard protocols. Immunohistochemistry (IHC) was performed using Ventana Discovery ULTRA Staining Module (Ventana Medical Systems, Tucson, AZ). For CD68, sections were incubated with rabbit polyclonal antibody (ab125212 Abcam, Inc., Cambridge, MA) for 20 min at 37 C after antigen unmasking CC1 mild conditioning for 36 min at 95 C. For collagen detection, liver sections were incubated with goat anticollagen Type I polyclonal antibody (#1310-01, SouthernBiotech, Birmingham, AL) for 20 min at 37 C after antigen unmasking CC1 standard conditioning for 64 min at 98 C. All slides were then subjected to the same secondary antibody protocol: discover HRP detection with CM inhibitor for 8 min was then applied, and secondary antibody (Discovery OmniMap anti-rabbit HRP, Ventana Medical Systems) was applied for 16 min at 37 C. Slides were incubated with ChromoMap DAB for 8 min, counterstained with hematoxylin II for 12 min and bluing reagent for 8 min. All histological assessments were conducted by a pathologist blinded to the treatment condition, and data quantification was conducted utilizing customized algorithms (Definiens, Munich, Germany). Assessment of steatosis (macrovesicular and microvesicular steatosis and location), hepatocyte ballooning, lobular inflammation, biliary hyperplasia, fibrosis (presence and pattern as demonstrated by IHC), and CD68 immunoreactivity was performed by the pathologist and graded on a 0e2 scale for each parameter. The NASH score was subsequently represented as the sum of the scores for each of these features to reflect the broad pathology present in whole mouse liver. The mean NASH score per group was then calculated. This approach was based on an adapted scoring method by Kleiner/Brunt NAFLD activity score [25] .
Statistical analyses
Single point data was analyzed using one-way ANOVA with Tukey's post hoc test or a KruskaleWallis non-parametric ANOVA with Dunn's multiple comparison test when standard deviation between group datasets was evident. Data comparing the effects of diet or drug treatment over time were analyzed using a two-way (e.g., drug*time) repeated measures ANOVA with Tukey's post hoc test to determine statistical differences. Data were graphed and analyzed using GraphPad Prism version 7 (GraphPad Software, La Jolla, CA), with p < 0.05 deemed to be statistically significant. All data are presented as the mean AE SEM.
RESULTS
3.1. Combined administration of the FXR agonist OCA and GLP-1 receptor agonist IP118 prevents weight gain and improves glycemic control in mice fed AMLN diet We initially tested three different concentrations of OCA mixed with the NASH-inducing AMLN diet to identify optimal OCA levels. In this pilot study, OCA at concentrations of 0.01e0.05% did not affect body weight gain or cumulative food intake in Lep ob /Lep ob mice compared to unaltered AMLN diet (Supplementary Figure S1, A and B) . The estimated daily dose ranged from w10 to 50 mg/kg/d, and concentrations of 0.025% and 0.05% were associated with reduced hepatic lipid and plasma cholesterol after two weeks (Supplementary Figure S1 , CeE). Expression of FXR target genes in the liver and intestine was also reduced with the 0.05% admixture (Supplementary Table S2 ); thus, we performed future studies utilizing the AMLN diet containing 0.05% OCA. To induce NASH in our animal model, obese and diabetic leptindeficient (Lep ob /Lep ob ) mice were maintained on the AMLN diet (high in trans-fat, fructose and cholesterol) for a two month pre-treatment period, while control mice were fed a low-fat diet (LFD). At the end of this induction phase a significant increase in body weight was observed in all Lep ob /Lep ob mice fed either test diets compared to LFDfed control B6 mice ( Figure 1A ). Mice remained on AMLN diet and were administered vehicle, the FXR agonist OCA, the GLP-1R agonist IP118, or OCA þ IP118 for 4 weeks. During this treatment phase, OCA did not affect body weight, whereas IP118 alone significantly reduced body weight, and the addition of OCA to IP118 did not enhance the effect ( Figure 1B) . The inability to reduce body weight in OCA-treated groups was not due to failure to induce FXR transcriptional machinery since we observed significantly altered expression of FXR-target genes (e.g. Nr0b2, Cyp7a1, Cyp8b1) in the liver of OCA-treated mice (Supplementary Table S3 ). Mice from all experimental groups showed similar food intake during the treatment phase ( Figure 1C ). Mice treated with IP118 alone showed a reduction in non-fasting glucose, which was further reduced in mice receiving dual treatment with OCA þ IP118 ( Figure 1D ). This observed glucose-lowering capability was absent in mice receiving OCA monotherapy. Overall, our data demonstrated that the combined treatment with the FXR agonist OCA and GLP-1R agonist IP118 in Lep ob /Lep ob mice improved glucose homeostasis and reduced body weight.
Improved plasma and biochemical indices of NASH by dual treatment with FXR agonist OCA and GLP-1 receptor agonist IP118
We next assessed the effect of diet and treatments on markers known to be associated with NASH development in humans such as liver mass, liver and plasma lipids, and alanine transaminase (ALT) and aspartate aminotransferase (AST). As demonstrated in Table 1 Table 1 ). However, combined administration of OCA þ IP118 was associated with a further decrease in liver weight and lipid content (À29% and À22%, respectively, both p < 0.05; Table 1 ). In concert with these findings, OCA þ IP118 led to the most significant reductions in plasma lipids (À36% and À32% reduction in plasma triglycerides and total cholesterol, respectively, p < 0.05; Table 1 ) compared to vehicle controls. Treatment with OCA alone exerted its effects primarily on plasma triglyceride levels resulting in a 28% reduction compared to vehicle (p < 0.05; Table 1 ). In contrast, IP118 alone had little effect on reducing plasma lipids (Table 1) . Finally, while plasma levels of liver enzymes ALT and AST were unchanged following treatment with OCA alone, treatment with IP118 alone significantly reduced plasma ALT and AST (À29% and À27% respectively, p < 0.05; Table 1 ) compared to vehicle group, and the addition of OCA further reduced ALT and AST levels (À39% and À36% respectively, p < 0.05; Table 1 Figure 2 ). However, this AMLN diet-driven increase in steatosis was lost in mice treated with OCA as they demonstrated a 9% reduction in steatosis compared to vehicle controls (p < 0.05; Figure 2 ). More dramatic reductions in steatosis were observed in mice treated with IP118 alone and with IP118 þ OCA, which exerted the highest reduction in liver lipids (À30% for IP118 and À47% for IP118 þ OCA, respectively, p < 0.05, Figure 2 ).
Dual therapy with OCA and IP118 reverses inflammation induced by AMLN diet
To identify macrophage infiltration (inflammation) in NASH mouse livers we performed immunostaining for the monocyte/macrophage marker CD68. Compared to Lep ob /Lep ob mice on LFD, AMLN diet resulted in a significant increase in CD68 immunoreactivity (þ52%, p < 0.05, Figure 3 ). Monotherapy with either OCA or IP118 failed to reduce liver inflammation in contrast to mice treated with IP118 þ OCA, which exhibited a trend towards reduced CD68 immunostaining compared to vehicle-treated mice (À21%, p ¼ 0.09, Figure 3 Figure 4 ). Fibrosis was not statistically affected by IP118 or OCA alone; however, administration of IP118 þ OCA attenuated the increase in fibrosis induced by AMLN diet. Mice treated with IP118 þ OCA exhibited a 34% reduction in fibrosis compared to vehicle controls (p < 0.05, Figure 4 ). AMLN diet induced a marked increase in total NASH score compared to Lep ob /Lep ob mice on LFD (score of 16 vs. 9, Table 2 ). While OCA treatment had a minimal impact on the score (17), IP118 administration was associated with a trend towards a lower NASH score (13.9). The OCA þ IP118 combination was associated with a marked reduction in total NASH score (13.5, Table 2 ). Table S3 ). Combination treatment did not elicit further increases in mitochondrial gene expression. We further explored the potential for OCA and/or the GLP-1R agonist liraglutide to enhance hepatic mitochondrial activity by measuring oxygen consumption rates in primary hepatocytes isolated from B6 or Lep ob /Lep ob mice on AMLN diet (NASH hepatocytes). In both systems an acute (4 h) treatment with OCA alone had no effect on oxygen consumption, and the addition of liraglutide also had no effect (Supplementary Figure S2) . Drug-induced enhancement in expression of some mitochondrial genes may contribute to the observed improved phenotype in mice but is not likely to be due to a direct effect on enhancing mitochondrial function.
3.7. Co-administration of OCA and IP118 exerts greater cooperative effects on metabolism in DIO mice We explored the potential for OCA and IP118 to interact in a different murine model of metabolic disease. In DIO mice, acute (single dose) administration of IP118 improved glucose tolerance, but OCA had no effect alone and did not enhance glucose tolerance when added to IP118 (Supplementary Figure S5) . In a subchronic study in DIO mice to assess longer term effects on weight, OCA alone had no effect on body weight or body composition, whereas IP118 elicited the expected reduction in body weight (À12.5%, p < 0.001 vs. vehicle, Figure 5A and B), with no significant change in body composition ( Figure 5C and D) . Co-administration of OCA þ IP118, however, markedly reduced body weight (À25.3%, p < 0.001 vs. all groups, Figure 5A and B), associated with reduced fat mass and increased percent lean mass ( Figure 5C and D) . On day 17, a glucose tolerance test was performed following a 6 h fast. Despite not altering body weight, OCA treatment was associated with improved glucose tolerance ( Figure 5E ). IP118 alone also elicited improved glucose tolerance compared to vehicle and OCA groups in the first hour following glucose administration ( Figure 5E ). OCA þ IP118 co-administration tended to further reduce glucose levels, but this did not reach statistical significance compared to IP118 at any timepoint during the test or by assessing area under the curve ( Figure 5E , area under the curve data not shown). OCA and IP118 monotherapies tended to reduce hepatic lipid content, whereas the combination OCA þ IP118 group showed significantly lower hepatic lipid compared to vehicle controls ( Figure 5F ). Terminal plasma analysis revealed significant reductions in total cholesterol in OCA and OCA þ IP118-treated mice (Table 3) . Plasma ALT levels were slightly elevated in the OCA group (vs. IP118 only), and AST levels were unchanged. Plasma triglycerides were reduced with IP118 and OCA þ IP118 treatment relative to OCA alone (Table 3) . Insulin levels were lowest in OCA þ IP118 group vs. vehicle and OCA alone, corresponding to improved metabolic control ( Table 3) . The expression of Ucp1 in brown adipose tissue was significantly increased in the OCA þ IP118 group compared to all other groups (Supplementary Table S6 ). Tfam was likewise significantly increased compared to other groups, but Sirt1 and Ppargc1a were not significantly different between groups, and Mfn1 and Cpt1a were slightly reduced (Supplementary Table S6 ). Liver gene expression analysis revealed significant changes in FXR target genes Nr0b2, Cyp7a1, and Cyp8b1 with either OCA and/or OCA þ IP118 treatment and no significant effect on mitochondrial genes (Supplementary Table S6 ).
DISCUSSION
OCA and GLP-1R agonists are being actively pursued as therapeutic options for the treatment of NASH, a currently unmet medical need. Here, we provide preclinical rationale to support exploration of combinatorial approaches to enhance overall efficacy. In this study, the first to report the effects of combined administration of a GLP-1R agonist (IP118) with OCA, we demonstrate superior effects on NASH endpoints in the Lep ob /Lep ob diet-induced mouse model of NASH with combination therapy and surprisingly robust synergistic effects on body weight in DIO mice. Several studies have established that pharmacological activation of the GLP-1R in mice and humans reduces hepatic lipid content, improves plasma ALT and lipids, and slows fibrosis progression [12, 14, 16] . Consistent with these findings, administration of IP118 alone to mice maintained on the AMLN diet significantly reduced body weight, liver mass, plasma ALT, and AST and hepatic steatosis, while fibrosis and overall NASH score both showed a trend towards reduction. How GLP-1R activation improves hepatic function is not clearly understood, although improvements in lipogenesis and inflammation have been proposed [26, 27] . Specifically how these effects might be mediated in the liver remains unclear as the presence or absence of GLP-1R on hepatocytes is controversial. There is some evidence for the presence of a functional GLP-1R on human hepatocytes [28] , although a comprehensive analysis suggests that full-length GLP-1R mRNA is not present in hepatocytes or macrophages [29] . Notwithstanding the possibility of functional GLP-1R on other cells within the liver (e.g., other immune cell populations), the benefits of GLP-1R therapy on liver endpoints are likely indirectly mediated, possibly via a GLP-1-dependent neural pathway that can alter hepatic glucose production [30] . FXR agonists such as OCA and other non-bile acid analog agonists directly activate a downstream response in hepatocytes and other cells/tissues which promote NASH resolution. While the clinical efficacy of OCA has been reported from the phase 2 FLINT study [9] , there is remarkably little literature on the efficacy of OCA, or any other FXR agonist, in a relevant preclinical model of NASH. In our studies, the effects of OCA were limited to improvements in steatosis and circulating lipids, with no effect on metabolic endpoints. These effects are similar to those reported in the FLINT trial, albeit relatively more modest. In combination with IP118, however, OCA was able to further enhance the more profound benefit of GLP-1R agonist therapy. While weight loss in Lep ob /Lep ob mice was not enhanced, there was a significant but transient improvement in glucose levels. The potential for improved glucose tolerance and/or insulin action with combination therapy warrants future studies. Notably, OCA has been reported to improve insulin sensitivity in humans via the hyperinsulinemic-euglycemic clamp technique [31] . The mechanism for improved metabolic control remains to be determined. Emerging data link bile acid metabolism Original Article to GLP-1 function via activation of FXR and/or the cell surface receptor TGR5, which has been reported to stimulate the release of GLP-1 in vitro [32, 33] . Similar responses to bile acids have been reported in clinical studies in humans [34, 35] and also after bariatric surgery [36] . Thus, OCA via activation of FXR/TGR5 may exert pro-metabolic effects via enhanced GLP-1 action.
To determine whether dual activation of FXR and GLP-1R pathways exert similar beneficial effects on enhancing metabolic phenotype in models other than Lep ob /Lep ob mice, we co-administered OCA and IP118 to DIO mice. Surprisingly, in contrast to the modest additional body weight and metabolic benefit observed in Lep ob /Lep ob mice, coadministration resulted in markedly reduced body weight and further improvements in glucose tolerance, hepatic and circulating lipid content, and reduced plasma insulin. The mechanism underlying these benefits remains to be fully explored; however, a significant induction of Ucp1 in brown adipose tissue with IP118 þ OCA treatment suggests enhanced energy expenditure. The effect of the combination on other components of energy balance such as food intake and physical activity remains to be explored. Why OCA is able to induce a greater degree of weight loss benefit in combination with IP118 in DIO mice compared to Lep ob /Lep ob mice on NASH diet is also unknown. Whether the absence of leptin in Lep ob /Lep ob mice plays a role or whether the presence of NASH perturbs other aspects of bile acid signaling in the context of pharmacological levels of GLP-1R agonists is worth exploring. Our data are reminiscent of that reported in the genetically obese Alms1 mutant mice (foz/foz mice), where OCA was observed to be less efficacious compared to less obese wildtype mice maintained on an atherogenic diet [37] . This is the first report of combined pharmacological activation GLP-1R and FXR with a focus on NASH endpoints. We demonstrated enhanced effects on steatosis and CD68 immunoreactivity and fibrosis, paralleled by the lowest integrated NASH score. The magnitude of the additional benefit was relatively modest compared to IP118 monotherapy effects. The pathologic/histologic benefits, however, should be noted in the context of similar weight loss and food intake. We have previously reported that weight loss per se contributes a significant proportion, but not all, of the benefit of GLP-1 therapy on liver endpoints [14] . A similar level of contribution from overall weight loss is expected here given the lack of effect on food intake and body weight with OCA monotherapy. Coupled with improvement in NASH endpoints, we have shown that OCA and GLP-1R agonism can induce synergistic body weight loss accompanied by reduced hepatic lipid and improved glucose tolerance. Whether these effects are also due to the more extreme weight loss is unknown and requires comparison to calorie restricted mice. To understand more of the mechanism of action of GLP-1 and OCA administration, we performed gene expression analysis in total liver RNA from both models. Overall, the effects on mitochondrial function were rather modest with subtly increased expression of key mitochondrial function genes. OCA and/or GLP-1 (liraglutide) administration likewise did not directly alter mitochondrial function as assessed by mitochondrial respiratory capacity. Hepatic mitochondrial function declines in the context of NAFLD/NASH [38, 39] , which we observed in our model, and can be attenuated in mice with surgical intervention therapy such as roux-en-y gastric bypass [40] . GLP-1 receptor agonists have been shown to improve mitochondrial function in the liver putatively via the master mitochondrial regulator SIRT-1 [41] . FXR agonism has also been reported to enhance mitochondrial function in various cell types [42] . While our gene expression and oxygen consumption data do not support a major benefit of OCA on top of GLP-1 therapy on mitochondrial action, expression of Ucp1 and Tfam was increased with combination treatment in brown adipose tissue. Thus, an improvement in mitochondrial activity in other tissues, including brown and white adipose tissue, may enhance whole body lipid metabolism and energy expenditure, thereby contributing to the observed benefits, as has been reported for OCA in other rodent models [37] . OCA and GLP-1R agonists are being tested in late stage clinical trials for their therapeutic effects in biopsy-proven NASH subjects. Our data provide a rationale to consider exploring a combinatorial approach. Indeed, examples of bile acid moieties conjugated to a stabilized GLP-1R agonist (modified exenatide peptide) have been reported thus illustrating the chemical possibility of such a therapy [43] . Whether the addition of OCA can enhance the metabolic benefits in patients already on a GLP-1 therapy should be tested. Further preclinical studies in other models may be required to understand the impact and nature of the weight-reducing and anti-fibrotic/anti-inflammatory potential of GLP-1/OCA action.
